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Summary  of  report 

The  overall  objective  of  our  funded  research  is  to  develop  and  use  single-molecule  fluorescence  mi¬ 
croscopy  techniques  to  interrogate  and  understand  the  surface  reactivity  of  individual  metal  nanoparticles 
at  an  unprecedented  level.  During  the  funding  period,  we  have  made  the  following  accomplishments: 

1)  Study  of  size-dependent  catalytic  activity  and  dynamics  of  Au  nanoparticles  at  the  single¬ 
molecule  level  (JACS2010)1 

2)  Quantitative  super-resolution  imaging  of  catalytic  reactivity  of  single  Au  nanorods  (Nat.  Nano- 
technol.  2012)'. 

3)  Site-specific  activity  mapping  and  discovery  of  radial  activity  gradients  on  single  2D  nanocrystal 
catalysts  (JACS  2013)3. 

4)  Development  of  a  massively  scalable,  parallel  method  for  screening  catalyst  activity  at  the  single¬ 
particle  level  and  sub-diffraction  spatial  resolution  (i.e.,  super-optical  resolution)  ( ACS  Catal. 
2013)4. 

5)  Quantification  of  the  catalytic  activity  and  dynamics  of  single  Pt  nanoparticles  in  two  different 
reactions  ( Nano  Lett.  2012)5. 

6)  Discovery  of  long-range  catalytic  communication  within  single  1-D  and  2-D  nanocrystal  catalysts 
(manuscript  in  revision  for  Nature  Chemistry)6 . 

7)  Review  of  the  theory  and  experiments  as  well  as  of  the  scientific  insights  from  single-molecule 
nanoparticle  catalysis  studies  (Nano  Res.  2009,  Phys.  Chem.  Chem.  Phys.  2010,  Chemical  Society 
Reviews,  2010  &  2014)7’10. 

We  have  further  made  progress  in  the  following  new  directions: 

8)  Imaging  catalytic  reactivity  at  nanoscale  metal-metal  junctions. 

In  the  following  I  summarize  our  accomplishments  (#1-6)  above  and  progress  in  (#8)  above. 


I.  Size-dependent  catalytic  activity  and  dynamics  of  single  Au  nanoparti¬ 
cles  (JACS2010)1 

We  have  studied  how  the  catalytic  activity,  selectivity,  and  dynamic  surface  restructuring  of  pseudo- 
spherical  Au  nanoparticles  depend  on  the  nanoparticle  size,  i.e.,  diameter.  We  have  studied  three  different 
sizes  in  detail:  6.0  ±1.7  nm,  9.1  ±  1.5  nm,  and  13.7  ±  2.4  nm.  The  major  insights  we  learned  include: 

1)  The  catalytic  activity  of  these  pseudospherical  particles  show  strong  size  dependence,  as  manifested 
by  the  size  dependence  of  their  associated  kinetic  parameters  in  the  reaction  mechanism  (Fig  1),  in¬ 
cluding  K\,  the  substrate  adsorption  equilibrium  constant,  yei f/A,  the  catalytic  rate  constant  per  surface 
area  (A),  k2,  the  product  dissociation  rate  constant  in  the  substrate-assisted  pathway,  and  #3,  the  rate 
constant  for  direct  product  dissociation.  These  size-dependences  can  all  be  quantitatively  analyzed  us¬ 
ing  a  classical  thermodynamic  model,  which  approximates  a  metal  nanoparticle  as  a  continuous  phase 
and  attributes  its  size  effect  to  changes  in  its  chemical  potential  from  surface  tension. 
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Fig  1.  Kinetic  mechanism  and  size-dependent  catalytic  activity.  (A)  Schematic  of  the  kinetic  mechanism.  Au,„:  Au  nano¬ 
particle;  S:  resazurin;  P:  resorufin.  Au,„-S„  represents  a  Au  nanoparticle  having  n  adsorbed  substrate  molecules  at  adsorption 
equilibrium.  The  fluorescence  state  (on  or  off)  of  the  nanoparticle  is  indicated  at  each  reaction  stage.  %g=  knT  and  represents 
the  combined  reactivity  of  all  surface  catalytic  sites  of  a  nanoparticle.  A:  is  a  rate  constant  representing  the  reactivity  per  cata¬ 
lytic  site  for  the  catalytic  conversion.  nT  is  the  total  number  of  surface  catalytic  sites  on  one  Au  nanoparticle.  #s  is  the  fraction 
of  catalytic  sites  that  are  occupied  by  substrates  and  equals  -AT]  [S]/(  1+AT]  [S]),  where  is  the  substrate  adsorption  equilibrium 
constant.  (B-E)  Thermodynamic  analyses  of  the  size  dependences  of  kinetic  parameters.  Solid  lines  are  fits  from  a  classical 
thermodynamic  model. 


2) 


3) 


These  nanoparticles  show  size-dependent  selectivity  between  the  two 
parallel  product  dissociation  pathways  in  Fig  1A.  Their  different  se¬ 
lectivity  gives  rise  to  three  types  of  catalytic  behaviors,  denoted  as 
type  I,  II,  and  III  in  Fig  2  —  The  subpopulations  among  the  three 
types  of  catalytic  behaviors  shift  when  the  particle  size  changes. 

These  nanoparticles  all  show  surface-restructuring-coupled  temporal 
catalytic  dynamics  (e.g..  Fig  3A),  but  the  timescale  of  the  underlying 
dynamic  surface  restructuring  shows  strong  dependence  on  the  parti- 
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Fig  2.  Size-dependent  relative 
subpopulations  of  Type  I,  II, 
and  III  kinetic  behaviors. 


cle  size  and  the  catalytic  turnover 
rates  (Fig  3B).  We  were  able  to  ex¬ 
tract  approximate  energetics  for 
spontaneous  surface  restructuring 
that  is  fundamentally  important  for 
heterogeneous  catalysis. 

The  significances  of  this 
achievement  are  that  (1)  it  provides 
quantitative  understanding  how  size  can 
change  and  tune  the  nanoparticle’s  cata¬ 
lytic  activity  and  selectivity,  and  (2)  how 
the  size  affects  the  energetics  and  time- 
scales  of  surface  restricting  dynamics 
and  its  coupling  to  temporal  catalytic 
behaviors,  both  of  which  are  fundamen¬ 
tally  important  to  surface  catalysis  at  the  nanoscale. 


roff  reaction 

CQ 


Time  (s) 


d  (nm) 


Fig  3.  Surface-restructuring-coupled  temporal  catalytic  dynamics. 

(A)  Trajectory  of  rate  of  turnovers  for  a  single  6-nm  Au  nanoparticle  at 
a  saturating  substrate  concentration.  (B)  Surface  restructuring  rate  (r) 
dependence  on  the  rate  of  turnovers  (v)  and  the  nanoparticle  diameter 
( d ).  Dots  are  experimental  data.  The  meshed  surface  is  a  fit  with  a  ther¬ 
modynamic  model. 
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II.  Quantitative  super-resolution  imaging  of  catalytic  reactivity  of  single 
Au  nanorods  {Nat.  Nanotechnol.  20 12)2 


[S]  (fiM) 


Fig  4.  Quantitative  super-resolution  imaging  of  single  Au@mSi02  nanorod  catalysis.  (A)  SEM  of  a  Au@mSi02  nano¬ 
rod.  Inset:  TEM  image  a  Au@mSi02  nanorod.  (B)  Positions  of  product  (P)  molecules  detected  on  the  nanorod  in  (A).  Each 
dot  is  one  P  molecule.  The  reactions  were  perfonned  with  0.02-0.8  (tM  amplex  red,  60  mM  H202  in  7  mM  pH  7.3  phosphate 
buffer.  (C)  2-dimensional  histogram  of  (B)  in  20x20  nm2  bins.  The  orientation  of  the  image  has  been  rotated  so  that  the  nano¬ 
rod  lies  horizontally.  The  red  line  is  the  outer  structural  contour  from  its  SEM  image  in  (A),  which  encircles  the  silica  shell. 
Vertical  lines  dissect  the  nanorod  into  6  segments;  For  clarity,  (B)  only  includes  the  first  -2800  of  -8700  P  molecules  pre¬ 
sented  in  (C).  (D)  fSl  dependence  of  specific  turnover  rates  of  the  segments  from  (C).  All  error  bars  are  s.e.m. 


Using  mesoporous-encapsulated  Au  nanorods  (i.e.,  Au@mSi02  nanorods)  as  model  pseudo- 1-D 
nanocatalysts  (Fig  4A),  we  have  used  single-molecule,  super-resolution  fluorescence  microscopy  to  spa¬ 
tially  resolve  catalysis  on  single  nanocatalysts  to  differentiate  reactivity  at  different  locations  on  a  single 
nanocrystal  catalyst.  In  this  approach,  we  individually  image  and  localize  the  positions  of  each  reaction 
product  (P)  catalytically  generated  on  a  single  nanorod  at  nanometer  precision.  By  localizing  the  position 
of  every  P  molecule,  we  mapped  all  catalytic  reactions  on  a  single  Au@mSi02  nanorod  (Fig  4B).  Both 
this  map  and  the  2-dimensional  histogram  (Fig  4C)  of  the  P  positions  clearly  resolve  the  rod  shape.  The 
spatial  resolution  here  is  ~40-nm,2  comparable  to  related  super-resolution  optical  microscopy 
techniques1113.  The  wide-field  imaging  format  here  further  offers  studying  hundreds  of  nanorods  in  paral¬ 
lel,  giving  a  high  data  throughput.  With  the  SEM  image  on  the  same  nanorod  (Fig  4A),  We  were  able  to 


map  its  SEM  structural  contour  onto  the  2- 
dimensional  histogram  of  its  P  positions  and 
dissect  the  nanorod  into  ~90-nm  segments 
(Fig  4C).  For  each  segment,  we  determined 
its  specific  turnover  rate,  v,  by  counting  the 
number  of  P  molecules  per  unit  time  and  per 
Au  surface  area,  and  from  its  dependence  on 
the  reactant  concentration  (Fig  4D),  we  de¬ 
termined  k,  the  specific  catalytic  rate  con¬ 
stant,  and  K,  the  adsorption  equilibrium  con¬ 
stant  of  each  segment,  which  directly  quantify 
the  catalytic  property  of  a  single  nanorod  at 
sub-particle  resolution.  The  major  insights  we 
learned  include: 

1)  In  general  (~85%  of  the  nanorods),  the 
nanorod  ends  have  higher  catalytic  reac¬ 
tivity  (i.e.,  larger  rate  constants)  than  their 
sides  (Fig  5A). 

2)  The  relative  reactivity  between  the  ends 
and  the  sides  of  a  Au  nanorod  is  not  in- 
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Fig  5.  Spatial  reactivity  patterns  on  single  Au@mSi02  nanorods.  (A) 

An  exemplary  nanorod  whose  ends  have  higher  catalytic  reactivity  (i.e., 
larger  specific  catalytic  rate  constant  k  than  its  side  facets.  End-segments 
highlighted  in  red;  center-segment  in  blue.  (B)  Same  as  in  (A),  but  for 
another  nanorod.  (C)  2-dimensional  histogram  of  ~9530  P  positions  from 
the  nanorod  in  B  in  20  x  20  nm2  bins.  The  vertical  lines  separate  out  the 
end-segments.  (D)  Dependence  of  the  specific  turnover  rate,  v,  on  the 
location  along  the  length  of  the  nanorod  in  (C).  The  nanorod  is  sliced  into 
~20-nm  segments. 
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variant  and  some  nanorods  (~15%  of  them)  have  their  sides  more  reactive  than  their  ends  (Fig  5B). 
This  variant  behavior  is  completely  hidden  in  results  averaged  over  many  nanorods. 

3)  More  surprisingly,  within  the  side  facets  of  any  single  nanorod,  the  reactivity  is  not  constant,  but  ra¬ 
ther  shows  a  reactivity  gradient  from  the  center  toward  the  two  ends  (Fig  5C,  D).  We  attributed  this 
reactivity  gradient  to  an  underlying  defect  density  gradient  on  the  side  facets,  which  resulted  from  the 
non-uniform  one-dimensional  growth  rate  during  nanorod  synthesis14. 

The  significances  of  these  findings  are  that  (1)  they  uncovered  the  complexity  of  spatial  reactivity 
patterns  at  the  nanoscale,  and  (2)  they  demonstrated  that  knowing  the  surface-facets  of  shaped-controlled 
nanocrystal  catalysts  is  insufficient  for  correlating  with  their  reactivity,  as  the  reactivity  can  differ  signifi¬ 
cantly  even  within  the  same  facets.  Surface  defects  need  to  be  examined  as  well,  and  they  are  abundant  on 
nanocatalysts  and  are  strongly  affected  by  the  growth  rate  and  the  synthesis  procedure  of  the  nanocata¬ 
lysts,  both  of  which  can  play  dominant  roles  in  determining  their  surface  reactivity.  Certainly,  the  im¬ 
portance  of  surface  defects  in  catalysis  is  well  known  from  surface  science15,  but  their  presence  is  chal¬ 
lenging  to  determine  on  nanocrystal  surfaces,  even  with  advanced  electron  microscopy16.  By  spatially 
resolving  catalytic  reactions  at  the  nanometer  resolution  on  single  nanocatalysts,  we  have  demonstrated 
the  power  of  this  approach  in  unraveling  the  complexity  of  reactivity  at  the  nanoscale. 


III.  Site-specific  activity  mapping  and  discovery  of  radial  activity  gradi¬ 
ents  on  single  2D  nanocrystal  catalysts  (JACS  20 13)3 

In  parallel  to  our  previous  work  on  Au@mSi02  nanorods  where  we  discovered  complex  reactivity 
patterns  on  pseudo- ID  nanocrystals2,  we  also  studied  the  pseudo-2D  nanocrystal  catalysts,  triangular  and 
hexagonal  Au@mSi02  nanoplates  (Fig  6A),  in  order  to  probe  if  complex  spatial  activity  patterns  exist 
beyond  ID  nanocrystals.  These  Au  nanoplate  cores  are  single  crystals  with  edge  length  of  -10  -  1000  nm 
and  thickness  of  ~14  nm.  Their  large  top  and  bottom  flat  surfaces  are  (1 1 1)  facets,  and  the  edges  are  (1 1 1) 
or  (100)  facets17,18.  Moreover,  to  diversify  the  types  of  catalytic  transformations,  we  studied  the  reductive 
N-deoxygenation  of  resazurin  to  resorufin  by  NH2OH,  as  compared  to  the  oxidative  N-deacetylation  reac¬ 
tion  of  amplex  red  to  resorufin  by  H202. 

Using  the  single-molecule  super-resolution  imaging  approach,  we  localized  the  positions  of  indi¬ 
vidual  catalytic  products  on  single  Au@mSi02  nanoplates,  and  mapped  them  onto  their  SEM  images  (Fig 
6B  and  C).  This  mapping  immediately  allowed  us  to  dissect  individual  Au@mSi02  nanoplates  and  the 
associated  product  locations  into  three  types  of  regions:  comers,  edges,  and  flat  top  facets  (Fig  6C),  and 
within  the  top  facets,  further  into  different  radial  segments  (Fig  6D).  The  scientific  insights  we  learned 
included: 

1)  Within  any  single  nanoplate,  the  specific  activity  follows  the  trend  of  comers  >  edges  >  flat  facets 
(Fig  6E).  And  the  trend  persists  when  averaged  over  >50  Au@mSi02  nanoplates  of  different  sizes. 
This  trend  could  be  rationalized  by  the  percentage  of  available  low-coordination  surface  sites  that  de¬ 
creases  from  comers  to  edges  to  facets. 

2)  The  nanoplates,  either  each  analyzed  as  a  whole  unit  or  each  spatially  dissected  into  different  regions, 
show  strong  size-dependent  specific  catalytic  activity,  with  larger  ones  having  lower  specific  activity. 
This  side  dependence  can  be  accounted  for  by  their  size-dependent  chemical  potentials,  similar  to  the 
size-dependent  activity  of  pseudo-spherical  Au  nanoparticles  we  studied  previously1. 

3)  Surprisingly,  but  consistent  with  our  findings  on  Au  nanorods,  the  specific  activities  among  the  radial 
segments  within  the  same  flat  facet  of  a  single  nanoplate  are  not  uniform,  and  instead  show  a  clear  ra¬ 
dial  gradient,  highest  at  the  center  of  the  facet  and  decays  approximately  linearly  toward  the  periphery 
(Fig  6D,  F).  We  attributed  this  radial  activity  gradient  of  Au  nanoplates  to  an  underlying  radial  gradi- 
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ent  of  surface  defect  den¬ 
sity  that  came  from  the 
decaying  growth  rate 
when  the  nanoplate  grew 
in  2D  from  a  seed  during 
their  synthesis. 

The  significances  of 
these  findings  are  that  (1)  they 
offer  most  direct  site-specific 
activity  information  on  single 
nanocrystal  catalysts,  and  (2) 
they  show  that  activity  gradi¬ 
ents  within  the  same  crystal 
facets  exist  beyond  ID  nano¬ 
crystals  even  in  a  different 
catalytic  transformation.  The 
latter  further  corroborates  that 
for  understanding  the  catalytic 
activity  of  shape-controlled 
nanocrystals,  knowing  their 
facet  assignments  is  insuffi¬ 
cient.  High-resolution  activity 
studies  are  needed,  where  sin¬ 
gle-molecule  approach  pro¬ 
vides  an  advantage,  and  high- 
resolution  structural  studies  are  also  needed  to  probe  the  surface  structure  of  these  nanocrystals  so  that 
knowledge  from  surface  science  or  theory  can  be  suitably  applied. 


Fig  6.  Spatial  reactivity  patterns  on  single  Au@mSiC>2  nanoplates.  (A)  TEM  image  of  two 
triangular  Au@mSiC>2  nanoplates.  (B)  SEM  image  of  a  triangular  Au@mSi02  nanoplate.  (C) 
Locations  of  2325  product  molecules  overlaid  on  top  of  the  SEM  image  of  the  Au@mSi02 
nanoplate  in  B.  Each  dot  is  the  location  of  one  product  molecule.  The  locations  are  color-coded 
according  to  their  respective  regions  on  the  nanoplate:  flat  facet  (red),  edges  (blue)  and  comers 
(green).  The  solid  black  line  outlines  the  outer  contour  of  the  mSi02  shell.  The  dashed  black 
line  outlines  the  perimeter  of  the  Au  nanoplate  core.  (D)  Locations  of  1055  product  molecules 
overlaid  on  top  of  the  SEM  image  of  a  Au@mSi02  nanoplate  in  B.  The  facets  (i.e.,  top  and 
bottom)  are  divided  into  radial  segments  from  the  center  toward  the  periphery;  the  product 
locations  in  different  segments  are  colored  differently.  The  product  molecules  residing  in  the 
comer  and  edge  regions  are  excluded  here.  (E)  Specific  activities  of  the  different  regions  of  the 
nanoplate  from  C.  (F)  Dependence  of  specific  activities  of  radial  segments  on  r2  for  the  nano¬ 
plate  in  D.  r  is  the  distance  between  the  center  of  the  nanoplate  and  the  midpoint  of  the  segment 
along  the  center-to-comer  vector.  Solid  line  is  a  linear  fit. 


IV.  Development  of  a  massively  scalable,  parallel  method  for  screening 
catalyst  activity  at  the  single-particle  level  and  sub-diffraction  spatial 
resolution  (i.e.,  super  optical  resolution)  (ACS  Catal.  2013)4 

For  catalyst  discovery  and  optimization,  once  the  catalysts  are  made  or  modified,  one  always 
needs  to  screen  their  activity,  where  high  data  throughput  and  quantitative  activity  information  are  de¬ 
sired.  Along  this  line,  we  have  further  developed  our  single-molecule  fluorescence  microscopy  approach 
into  a  massively  scalable,  parallel  method  for  screening  catalyst  activity,  using  the  two  fluorogenic  probe 
reactions  (one  an  N-deacetylation  reaction  and  the  other  an  N-deoxygenation  reaction).  This  method  of¬ 
fers  the  following  capabilities: 

1)  Its  wide  field  imaging  format  allows  imaging  the  catalysis  on  a  large  number  of  catalyst  particles  in 
parallel,  giving  high  data  throughput.  For  example,  Fig  7A  shows  the  results  on  -1000  particles.  With 
motorized  microscopes  and  larger  camera  formats,  one  can  image  even  larger  areas  of  samples  to 
screen  many  more  particles. 

2)  It  offers  sub-diffraction  spatial  resolution,  i.e.,  super  optical  resolution,  similarly  as  described  in  Sec¬ 
tion  I  above,  where  individual  particles  can  be  resolved  (Fig  7A,  B). 
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Fig  7.  Parallel  activity  screening  of  a  mixture  of  pseudo-spherical  21@42  nm  and  102@32  nm  (core-diameter@shell-thickness) 
Au@mSi02  particles  in  catalyzing  the  reductive  N-deoxygenation  of  resazurin  to  resorufin.  (A)  Sub-diffraction  catalysis  image  of -1000 
particles.  This  image  is  a  2-D  histogram  of  product  locations  that  were  mapped  at  the  single-molecule  level.  (B)  SEM  image  of  the  same  set  of 
particles  as  in  A.  (C)  Scatter  plot  of  individual  catalyst  particles  against  their  respective  SEM  diameter  and  rate  of  turnovers  (v,  in  s-1  particle-1 
in  log  scale).  Each  point  represents  one  particle.  Insets  are  SEM  images  of  selected  particles  indicated  by  arrows.  (D)  Contour  plot  of  the  2-D 
histogram  of  C,  where  the  two  subpopulations  are  clearly  resolved. 


3)  It  offers  quantitative  activity  information  of  every  catalyst  particle,  which  can  be  directly  correlated  to 
its  structural  properties,  such  as  its  size  from  SEM  (Fig  7C). 

4)  It  can  resolve  subpopulations  readily,  such  as  in  a  binary  mixture  of  catalyst  particles  (Fig  7D). 

5)  Although  it  is  based  on  fluorogenic  probe  reactions,  we  have  shown  that  the  activities  of  catalyst  par¬ 
ticles  in  the  two  fluorogenic  catalytic  reactions  are  directly  correlated  with  standard  model  catalytic 
reactions  such  as  4-nitrophenol  reduction  and  hydroquinone  oxidation  (Fig  8A,  B),  so  their  activities 
in  the  fluorogenic  probe  reactions  can 
be  extrapolated  and  generalized  to 
other  non-fluorogenic  reactions. 

The  significance  of  this  achieve¬ 
ment  is  that  it  offers  a  massively  scalable, 
parallel  method  for  screening  catalyst  ac¬ 
tivity  quantitatively  at  the  single-particle 
level,  which  further  provides  an  oppor¬ 
tunity  to  couple  high-resolution  TEM  to 
examine  the  structure  of  the  high  activity 
particles  identified.  By  correlating  the  ac¬ 
tivity  in  the  probe  reactions  with  other 
reactions  of  industrial  relevance,  this 
method  can  provide  an  effective  approach 
for  catalyst  discovery  and  development. 


Fig  8.  Activity  correlation  for  the  same  set  of  catalyst  particles  between 
two  different  reactions.  (A)  Between  the  reductive  N-deoxygenation  reaction 
of  resazurin  (i.e.,  RZ-rdx)  and  the  reduction  of  4-nitrophenol  (i.e.,  NIP-rdx). 
(B)  Between  the  oxidative  N-deacetylation  reaction  of  amplex  red  (i.e.,  AR- 
ox)  and  the  oxidation  of  hydroquinone  (i.e.,  HQ-ox).  The  activities  were 
measured  at  the  ensemble  level  and  quantified  by  the  rate  of  turnovers  (v). 
Two  series  of  catalyst  particles  were  tested:  one  (•),  bare  pseudo-spherical  Au 
particles  of  5,  10,  20  100,  and  250  nm  in  diameter,  denoted  as  1',  2',  3',  4',  and 
5';  and  the  other  (o),  pseudo-spherical  Au@mSiC>2  particles  of  6@38,  22@80, 
42@65,  42@70,  60@83,  102@59  nm  in  size  (core-diameter@shell- 
thickness),  denoted  as  1,2,  3,  4,  5,  and  6,  in  the  plots. 
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V.  Qunatification  of  the  Catalytic  activity  and  dynamics  of  single  Pt 
nanoparticles  in  two  different  reactions  ( Nano  Lett.  2012)5 

Most  metal  nanoparticles  can 
catalyze  a  multitude  of  chemical 
transformations,  for  example  Pt  na¬ 
noparticles  can  catalyze  both  oxida¬ 
tive  and  reductive  reactions15.  For  a 
particular  type  of  nanoparticles,  its 
activities  in  catalyzing  these  different 
reactions  can  be  correlated  to  each 
other  or  have  little  correlation,  as 
different  reactions  may  occur  at  dif¬ 
ferent  surface  sites  on  the  same  na¬ 
noparticle.  Considering  the  inherent 
heterogeneity  of  nanoparticle  cata¬ 
lysts,  a  fundamental  question  then 
arises:  how  would  the  catalytic  be¬ 
havior  of  a  single  nanoparticle  be 
correlated  between  different  reac¬ 
tions ?  An  answer  to  this  question  will 
contribute  to  understanding  the  struc¬ 
ture-activity  correlation  of  nanoparti¬ 
cle  catalysts  across  a  variety  of 
chemical  transformations.  Along  this 
line,  we  have  studied  the  catalysis  of 
individual  Pt  nanoparticles  in  two 
reactions,  one  an  oxidative  N- 
deacetylation  reaction  and  the  other  a 
reductive  N-deoxygenation  reaction 
(Fig  9B).  This  achievement  capital¬ 
izes  on  our  earlier  work  of  developing  a  single-molecule  fluorescence  microscopy  approach  to  study  Au 
nanoparticle  catalysis  at  the  single-particle  and  single-turnover  resolution  ( Nature  Mater.  2008 19).  In  this 
approach,  total  internal  reflection  fluorescence  microscopy  and  a  fluorogenic  catalytic  reaction  are  used, 
and  the  fluorescence  signal  of  a  reaction  product  is  imaged  at  the  single-molecule  level  in  real  time  (Fig 
9A). 

We  chose  Pt  nanoparticles  as  the  catalyst  of  interest,  with  the  additional  purpose  of  extending  our 
single-molecule  study  from  Au  particles  to  more  industry  relevant  catalysts.  These  are  citrate-stabilized 
colloidal  Pt  nanoparticles  of  4.6  ±  0.9  nm  in  diameter  and  have  faceted  shapes  of  cube,  tetrahedron,  or 
cube-octahedron  (Fig  9C).  Using  the  approach  as  in  Fig  9A,  we  monitored  single  Pt  nanoparticles  in  cata¬ 
lyzing  the  two  fluorogenic  reactions  sequentially.  Fig  9D  shows  the  time  trajectories  of  fluorescence  in¬ 
tensities  from  two  Pt  nanoparticles,  each  undertaking  one  of  the  two  catalytic  reactions.  The  fluorescence 
bursts  report  the  individual  catalytic  turnovers.  Our  specific  achievements  in  this  study  included: 

1)  Discovery  that  Pt  nanoparticles  show  distinct  catalytic  kinetics  in  these  two  reactions:  the  reactants  in 
the  N-deacetylation  reaction  follow  noncompetitive  adsorption  while  those  in  the  N-deoxygenation 
reaction  follow  competitive  adsorption  within  the  model  of  Langmuir-Hinshelwood  kinetics. 

2)  Quantification  of  the  large  activity  heterogeneity  among  individual  Pt  nanoparticles. 
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Fig  9.  (A)  Experimental  scheme  of  single-molecule  fluorescence  measurements  of 
catalysis  by  individual  nanoparticles  using  total-intemal-reflection  fluorescence 
microscopy  of  fluorogenic  reactions.  (B)  Pt-nanoparticle-catalyzed  oxidative  N- 
deacetylation  of  amplex  red  by  H2O2  and  reductive  A-deoxygenation  of  resazurin 
by  N2H4.  Both  reactions  lead  to  formation  of  the  fluorescent  resorufin.  (C)  TEM 
image  of  Pt  nanoparticles.  Inset:  diameter  distribution  of  Pt  nanoparticles;  NPs  = 
nanoparticles;  Gaussian  fit  gives  an  average  diameter  of  4.6  ±  0.9  nm.  (D)  Exem¬ 
plary  fluorescence  intensity  versus  time  trajectories  of  single  Pt  nanoparticles  un¬ 
der  catalysis  for  1)  the  oxidative  TV-deacetylation  reaction  at  5  pM  amplex  red  and 
200  mM  H2O2  and  2)  the  reductive  A-deoxygenation  reaction  at  0.2  pM  resazurin 
and  1  mM  N2H4.  Time  resolution:  20  ms.  T  is  the  microscopic  reaction  time  be¬ 
tween  sequential  reaction  events,  which  are  manifested  by  the  fluorescence  intensi¬ 
ty  bursts. 
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3)  Discovery  and  quantification  that  in  both  reactions,  individual  Pt  nanoparticles  show  temporal  activity 
fluctuations,  attributable  to  dominantly  spontaneous  dynamic  surface  restructuring,  whose  timescale 
is  about  tens  of  seconds,  slower  than  that  of  Au  nanoparticles  of  similar  diameter. 

4)  Discovery  that  when  catalyzing  both  reactions  sequentially,  and  depending  on  the  reaction  sequence, 
single  Pt  nanoparticles  may  or  may  not  show  activity  correlations  between  these  two  reactions,  re¬ 
flecting  their  structure  sensitivity  in  the  N-deoxygenation  reaction  and  structure  insensitivity  in  the  N- 
deacetylation  reaction. 

The  significances  of  this  study  include:  (1)  It  demonstrates  that  the  single-molecule  approach  is 
applicable  to  other  metals  of  more  industrial  relevance,  such  as  Pt,  besides  Au  we  studied  previously1'19"21. 
(2)  It  further  demonstrates  that  nanoparticle  catalysts  are  dynamic  entities,  whose  temporal  activity  behav¬ 
iors  carry  important  information  on  their  structural  properties  and  the  coupling  between  dynamic  structure 
and  temporal  activity.  (3)  Single-particle  analysis  in  different  reactions  can  inform  on  the  structural  sensi¬ 
tivity  or  insensitivity  of  the  catalyst,  complementary  to  ensemble  methods  that  often  rely  on  the  examina¬ 
tion  of  the  size-dependence  of  the  catalytic  activity22. 


VI.  Discovery  of  long-range  catalytic  communication  within  single  1-D 
and  2-D  nanocatalysts  (manuscript  in  revision  for  Nature  Chemistry ) 


For  catalysis,  nature’s  most  efficient  nanoscale  catalysts  are  enzymes.  One  of  the  distinguishing 
features  of  enzymes,  or  proteins  broadly,  is  allosteric  effects,  in  which  the  binding  of  a  substrate  or  ligand 
at  one  site  affects  the  binding  or  catalysis  at  another  site  without  direct  interaction  between  the  two  lig- 
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Fig  10.  Long-range  catalytic  communication  within  single  Au@mSi02  nanorods.  (A)  2-D  histogram  of  product  locations  on  a  single  nano¬ 
rod.  The  green  line  is  the  outer  structural  contour  from  its  SEM  image.  The  horizontal  yellow  lines  dissect  the  nanorod  into  ~90  nm  long  seg¬ 
ments.  (B,  C)  Two  catalytic  event  sequences  for  the  two  center  segments  (z  and  j  segments)  of  the  nanorod  in  A.  In  each  sequence,  the  individual 
product  detection  events  (vertical  lines)  were  plotted  against  the  times  when  they  were  detected.  The  microscopic  reaction  time  for  each  event  is 
the  time  separation  from  the  previous  one  in  the  same  sequence.  Pairs  of  reactions  that  neighbor  in  time  but  occur  at  two  different  segments  are 
linked  by  red  arrows.  The  time  separation  (At)  is  illustrated  for  a  pair  of  temporally  neighboring  catalytic  events,  each  occurring  at  one  of  the 
two  segments.  (D)  Dependence  of  the  Pearson’s  correlation  coefficient,  p(ri,Tj'),  on  the  intra-nanorod  distance  separation,  Ax,  between  the 
segments.  Ax  is  defined  as  the  geometric  center-to-center  distance  between  two  segments  on  the  same  nanorod.  The  first  point  in  the  plot  is  for 
two  neighboring  segments  in  a  same  nanorod.  Solid  line  is  a  fit  with  pxe~Ax^x°  with  px  =  0.057  ±  0.003  and  x0  =  530  ±  50  nm.  x0  represents  a 
catalytic  communication  distance.  Inset,  the  communication  distance,  xo,  obtained  at  different  concentrations  of  the  reactant  amplex  red  ([S]) 
while  [H2O2]  is  kept  at  excess  at  60  mM.  (E)  Dependence  of  p(rf,  t y)  on  the  average  time  separation,  At,  of  the  temporally  neighboring  reactions 
at  two  different  segments  on  the  same  nanorod.  Solid  line  is  a  fit  with  pte~At^to  with  pt  =  0.16  it  0.04  and  to  =  59  ±  10  s.  to  represents  a  temporal 
memory  of  the  catalytic  communication.  Data  here  are  averaged  over  >1100  segments  from  >220  nanorods.  Y  error  bars  are  s.e.m.  X  error  bars 
in  D  are  half  of  the  average  segment  length  and  in  E  are  s.d. 
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ands  or  substrates23'24.  Can  reactions  at  different  surface  sites  on  the  same  nanoparticle  communicate  with 
each  other,  similarly  as  in  allosteric  enzymes?  We  have  found  that  they  do,  by  analyzing  the  correlation 
between  individual,  temporally  neighboring  reactions  that  occur  at  different  locations  on  a  single  Au 
nanocatalyst. 

To  reach  our  discovery,  we  first  used  single-molecule  super-resolution  fluorescence  microscopy 
to  resolve  individual  reactions  spatially  on  single  nanocatalysts  in  real  time,  as  described  in  Section  I 
above.  Fig  10A  shows  the  2-D  histogram  of  reaction  product  locations  on  a  single  Au@mSi02  nanorod  in 
catalyzing  the  oxidative  N-deacetylation  reaction  of  amplex  red  to  resorufin,  as  we  reported  previously2. 
This  mapping  allowed  us  to  dissect  the  nanorod,  as  well  as  its  catalytic  product  positions,  into  segments 
along  its  long  axis.  For  each  segment,  the  catalytic  product  molecules  can  be  arranged  in  a  sequence  of 
catalytic  events  according  to  when  each  product  molecule  was  detected,  i.e.,  when  the  catalytic  reaction 
occurred.  Fig  10B  and  C  show  such  event  sequences  for  two  adjacent  segments  of  the  nanorod  in  Fig 
10A.  For  each  sequence,  the  time  separation  (f)  between  a  catalytic  event  and  the  previous  event  is  the 
microscopic  reaction  time  for  generating  this  catalytic  product  at  the  respective  segment;  its  individual 
values  are  probabilistic,  but  where  <  )  denotes  averaging,  corresponds  to  the  rate  of  catalytic  turno¬ 
vers  for  that  nanorod  segment.  We  then  analyzed  the  correlation  of  the  microscopic  reaction  time  T  for 
reactions  that  neighbor  in  time  but  occur  at  different  segments  on  the  same  nanorod;  the  correlation  is 
quantified  by  a  Pearson’s  correlation  coefficient  p(t;,  xf)  where  the  microscopic  reaction  time  T,  on  seg¬ 
ment  i  is  paired  with  T,  of  the  immediate  subsequent  catalytic  event  that  occurs  at  segment  j  and  vice  versa 
(Fig  10B,  C).  p(Tt,  Xj)  is  a  quantitative  measure  of  how  the  microscopic  reaction  kinetics,  reflected  by  T, 
of  temporally  neighboring  reactions  at  two  different  segments  are  linearly  correlated  with  each  other. 

We  analyzed  >200  nanorods  using  the  above  analysis.  We  further  performed  the  analysis  on  >50 
Au@mSi02  nanoplates  (Fig  11A-C)  in  catalyzing  the  reductive  N-deoxygenation  reaction,  where  we  di¬ 
vided  each  nanoplate  into  square  segments  and  extracted  the  catalysis  event  sequences  of  each  segment  as 
in  Fig  10B  and  C.  By  pooling  all  data  together,  we  made  the  following  major  findings: 

1)  For  nanorods,  between  two  adjacent  segments  within  a  single  nanorod,  p(t;,t7)  is  0.047  ±  0.003, 
which  is  a  positive,  although  small,  value  (error  is  s.e.m.,  Fig  10D).  This  positive  value  indicates  that 
reactions  occurring  at  adjacent  segments  do  communicate  with  each  other:  a  reaction  with  a  short  r, 
i.e.,  a  fast  reaction,  at  one  segment  tends  to  be  followed  by  another  fast  reaction  at  the  other  segment, 
giving  rise  to  a  phenomenological  positive  cooperativity.  Nonetheless,  this  communication  is  weak,  as 
reflected  by  the  small  magnitude  of  p(t;,  t y). 

2)  For  nanorods,  with  increasing  intraparticle  separation  (Ax)  between  the  segments,  p(xi,Tj')  gradually 
decreases,  following  an  approximate  exponential  decay  (Fig  10D).  Strikingly,  the  exponential  decay 
distance  x0  is  530  ±  50  nm,  which  indicates  that  a  catalytic  reaction  on  a  Au@mSi02  nanorod  can 
communicate  with  another  reaction  at  ~500  nm  away!  This  catalytic  communication  distance  is  about 
two  orders  of  magnitude  longer  than  that  in  allosteric  enzymes,  whose  allosteric  sites  are  typically 
just  a  few  angstroms  to  a  few  nanometers  apart.  Moreover,  x0  is  essentially  independent  of  the  reac¬ 
tant  concentration  over  a  range  in  which  the  turnover  rate  changes  significantly  (Fig  10D  inset). 
Therefore,  the  catalytic  communication  distance  xo  is  likely  not  determined  by  the  catalytic  condition, 
but  rather  characteristic  to  these  Au@mSi02  nanorods. 

3)  For  nanorods,  p(rj,  r7)further  decreases  gradually  with  the  averaging  time  separation  (At)  between 
the  pair  of  reactions,  and  the  decrease  follows  approximately  an  exponential  decay  function,  with  a 
decay  time  constant  t0  of  59  ±  10  s  (Fig  10E).  Physically,  t0  represents  a  temporal  memory,  i.e.,  the 
time  that  a  subsequent  catalytic  reaction  can  “remember”  an  earlier  reaction  that  occurred  on  the  same 
nanocatalyst. 

4)  For  nanoplates,  p(xi,Xj')  is  again  positive,  0.039  ±  0.005  (error  is  s.e.m.  Fig  11D),  when  the  intra¬ 
particle  distance  separation  between  the  segments  is  about  150  nm,  similar  to  that  between  neighbor¬ 
ing  segments  of  nanorods.  Therefore,  reactions  occurring  at  different  locations  on  a  single  nanoplate 
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Fig  11.  Long-range  catalytic  communication  within  single  Au@mSi02  nanoplates,  a,  SEM  of  a  triangular  Au@mSi02  nanoplate.  Inset,  TEM 
of  a  representative  Au@mSi02  nanoplate,  b,  Positions  of  ~2350  P  molecules  from  the  reductive  N-deoxygenation  reaction  of  resazurin  de¬ 
tected  on  the  nanoplate  in  a.  Each  dot  is  one  P  molecule,  c,  2-D  histogram  of  b  in  40  x  40  nm2  bins.  The  orientation  of  the  plot  has  been  rotat¬ 
ed  so  that  one  edge  of  the  nanoplate  aligns  horizontally.  The  green  line  is  the  outer  structural  contour  from  its  SEM  image  in  a.  The  yellow 
lines  dissect  the  nanoplate  into  ~150  x  150  nm2  square  segments,  d,  e,  Dependence  of  the  Pearson’s  correlation  coefficient,  p(ri(Ty),  on  the 
intra-nanoplate  distance  separation,  Ax,  between  the  segments  and  the  time  separation,  At,  of  the  neighboring  reactions  at  two  different  seg¬ 
ments  on  the  same  nanoplate.  Solid  lines  are  fits  as  in  Fig.  3a  and  b,  with  px  =  0.09  ±  0.03  and  x0  =  1 83  ±  50  nm,  and  p,  =  2.0  ±  2.0  and  t0  = 
5.7  ±  1.4  s.  Data  averaged  over  ~520  segments  from  ~50  nanoplates.  Y  error  bars  are  s.e.m.  X  error  bars  are  s.d. 


also  communicate  with  each  other.  p(ri,Tj')  also  shows  decay  behaviors  with  increasing  intraparticle 
distance  separation  Ax  and  average  time  separation  At  (Fig  11D,  E).  The  corresponding  distance  con¬ 
stant  x0  is  183  ±  50  nm,  giving  the  catalytic  communication  distance,  and  the  time  constant  t0  is  of  5.7 
±  1 .4  s,  giving  the  temporal  memory  of  the  catalytic  communication. 


The  significance  of  these  findings  is  that  they  demonstrate,  for  the  first  time,  that  long-range  cata¬ 
lytic  communication  exists  within  single  nanocatalysts;  the  communication  distance  can  be  up  to  a  few 
hundred  nanometers  with  a  temporal  memory  of  a  few  to  tens  of  seconds.  Although  its  mechanism  re¬ 
mains  to  be  elucidated,  this  catalytic  communication  is  phenomenologically  similar  to  cooperativity  in 
enzymes,  in  which  reactions  occurring  at  one  enzyme  active  site  can  affect  reactions  at  other  sites  many 
angstroms  to  a  few  nanometers  away  within  the  same  enzyme.  Even  though  the  catalytic  communications 
observed  here  on  Au@mSi02  nanocatalysts  are  weak,  it  would  not  be  unreasonable  to  hypothesize  that 
this  catalytic  communication  may  occur  more  effectively  in  other  nanoscale  catalysts  —  above  all,  there 
are  a  huge  variety  of  them25"27.  The  generalization  and  further  utilization  of  this  effect  can  perhaps  intro¬ 
duce  a  new  paradigm  in  understanding,  as  well  as  developing,  nanocatalysts. 


VII.  Progress  in  new  direction:  imaging  catalytic  reactivity  at  nanoscale 
metal-metal  junctions 

In  the  past  year,  we  have  also  been  studying  the  catalytic  reactivity  at  nanoscale  metal-metal 
junctions.  Many  nanoscale  catalysts  involve  two,  or  more,  metal  components,  and  the  interfaces,  or  the 
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junction  areas,  between  two  different  metals  are  believed  to  have  special 
catalytic  activity  that  is  not  present  for  either  of  the  metals  alone.  The  syn¬ 
ergistic  effects  and/or  promoting  effects  at  interfaces  are  often  invoked  to 
account  for  the  observed  catalytic  enhancements  of  bimetallic  nanoparti¬ 
cles  (e.g.,  references28'14).  Yet,  none  of  existing  studies  quantify  in  a  spa¬ 
tially  resolved  manner  the  catalytic  reactivity  at  the  interfacial  region,  and 
little  evidence  is  available  that  clearly  demonstrates  reactions  occur  prefer¬ 
entially  at  the  interfacial  region  relative  to  the  non-interfacial  regions  in 
bimetallic  nanocatalysts,  let  alone  in  further  direct  correlation  with  the  in¬ 
terface  structure  and  composition.  Such  lack  of  studies  constitutes  a  signif¬ 
icant  knowledge  gap,  which  not  only  impedes  our  fundamental  under¬ 
standing  of  the  structure-reactivity  correlations  at  metal-metal  interfaces, 
but  also  limits  our  ability  to  develop  effective  bimetallic  nanocatalysts 
with  desired  catalytic  properties. 

Therefore,  our  objective  here  is  to  define  the  link  between  interface  reactivity  and  interface  struc¬ 
ture/composition.  The  rationale  for  this  research  is  that,  once  we  understand  quantitatively  the  reactivity- 
structure/composition  correlation  at  metal-metal  interfaces  at  the  nanoscale,  we  will  be  able  to  design  and 
engineer  bimetallic  nanoparticles  with  superior  catalytic  reactivity  for  desired  chemical  transformations. 

We  have  chosen  to  work  on  two  model  systems  (Fig  12):  Au-nanoparticle-on-Pd-nanorod  hetero- 
bimetallic  nanoparticles  and  segmented  MrM2  mul- 
timetallic  nanorods,  where  Mi  and  M2  are  Au,  Pt,  Pd 
or  alloy  of  them).  We  chose  the  first  system  as  a  mod¬ 
el  catalyst  because  of  their  controllable  colloidal  syn¬ 
thesis,  tunable  size,  anisotropic  structure  with  a  de¬ 
fined  Au-Pd  interface,  and  highly  crystalline  in  struc¬ 
ture.  We  chose  the  second  system  as  another  model 
catalyst  because  of  their  versatile  electrodeposition- 
based  preparation  in  combining  different  metals  to 
form  defined  interfaces,  tunable  size,  tunable  interface  composi¬ 
tion,  and  anisotropic  structure.  We  are  using  the  approach  of  sin¬ 
gle-molecule  super-resolution  fluorescence  microscopy  to  quan¬ 
tify  catalytic  reactivity  of  single  hetero-metallic  nanocatalysts  at 
nanometer  spatial  resolution  and  single-reaction  temporal  resolu¬ 
tion,  in  combination  with  controlled  and  tunable  sample  synthe¬ 
sis  as  well  as  high-resolution  interfacial  structural/compositional 
characterizations. 

Regarding  the  1st  system,  by  following  the  procedure  of 
Huang  et  al35,  we  have  made  Pd  nanorods  of  a  few  hundred  na¬ 
nometers  in  length  and  ~27  nm  in  diameter  (Fig  13 A).  The  length  is  tunable  with  reaction  time.  We  have 
also  successfully  grown  pseudo-spherical  Au  nanoparticles  of  ~  100  nm  in  diameter  at  one  end  of  the  Pd 
nanorods  (i.e.,  Au-Pd  het¬ 
ero-nanoparticles,  Fig 
13B),  following  the  proce¬ 
dure  in  the  same  paper35. 

The  size  of  the  Au  nanopar¬ 
ticle  can  be  tuned  by  con¬ 
trolling  growth  time  and 
reactant  concentration.  The 
samples  are  a  mixture, 


** 

.  •* 


Fig  14.  SEM  images  of  the  top  surface  of  alu¬ 
mina  membranes  with  pore  sizes  of  ~40  nm  (A) 
and  ~80  nm  (B)  in  diameter. 


(Au)  Pd 


M1  M2 

M=  Au,  Pt,  or  Pd 

Fig  12.  Schematic  of  a  Au- 
nanoparticle-Pd-nanorod  hetero- 
nuclear  particle  (top)  and  a  bime¬ 
tallic  nanorod  with  two  metal 
components  (bottom).  Both  sys¬ 
tems  have  a  metal-metal  junction. 
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which,  although  not  ideal  for  many  applications,  is  not  a  problem  for  single-particle  studies,  as  we  can 
differentiate  them  in  both  electron  microscopy  and  catalysis  imaging.  We  have  also  tested  these  nanopar¬ 
ticles  and  they  are  active  in  catalyzing  the  reductive  N-deoxygenation  of  resazurin. 

d  36  38 

Regarding  the  2  system,  we  have  used  templated  electrodeposition  "  to  make  these  segmented 
multimetallic  nanorods.  As  the  template,  we  found  that  the  pore  uniformity  of  the  commercially  available 
alumina  membranes  is  only  in  good  quality  down  to  ~200  nm  in  diameter.  In  order  to  make  segmented 
nanorods  of  smaller  diameters,  we  followed  the  procedure  by  Masuda  et  al. 39  and  successfully  made  alu¬ 
mina  membranes  with  smaller  and  tunable  pore  sizes  (e.g.,  ~40  nm  and  ~80  nm  in  diameter  in  Fig  14). 

Using  the  alumina  membranes  and  the  templated  electrodeposition  approach,  we  have  prepared 
monometallic  Au  and  Pt  nanorods  of  various  diameters  and  a  few  jam  in  length  (Fig  15A,  B).  The  mono¬ 
metallic  nanorods  will  be  used  as  controls  and  comparisons  for  our  study  of  segmented  multimetallic  na¬ 
norods.  We  have  also  made  segmented  Au-Pt  bimetallic  nanorods  of  ~80  nm  in  diameter,  where  the  Au 
and  Pt  nanorod  segments  are  approximately  same  in  length  (Fig  15C).  We  will  perform  detailed  structural 
and  compositional  analysis  on  these  segmented  multimetallic  nanorods. 
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